Multiplex ligation-dependent probe amplification (MLPA) is a widely used technique for detecting genomic structural variants. The technique is based on hybridization and ligation, followed by amplification of the ligation products. Therefore, ligation is considered a fundamental process that determines the feasibility and fidelity of MLPA. However, despite the widespread use of this technique, its reaction mechanism has not been fully analyzed. Herein, we describe a ligation-independent pathway for MLPA and introduce a ligation-independent probe amplification system that can be used to obtain amplified products without the hybridization and ligation processes. Fragment analysis revealed that the ligation-independent pathway is functional and that the capacity to discriminate single nucleotides with MLPA does not depend on ligation. These findings indicate that the feasibility and fidelity of MLPA do not rely on ligation.
Introduction
Multiplex ligation-dependent probe amplification (MLPA) is a polymerase chain reaction (PCR)-based technique initially developed in 2002. 1 Since then, it has rapidly become a popular method for detecting copy number variations (CNVs). Although many techniques for the detection of structural variants have been developed, [2] [3] [4] MLPA is popular because of its ease of use. 5 Its usefulness has been validated by many reports, and various MLPA-based applications have been developed for both diagnostic and research use. [6] [7] [8] [9] Although MLPA has proved a reliable tool for copy number analysis, it has been poorly validated for single-nucleotide analysis. MLPA is mainly used for copy number analysis, but it can also be used for the detection of point mutations. 9, 10 The latter application is based on the principle that MLPA is specific enough to distinguish a single nucleotide in a template owing to the high fidelity of ligation. However, in reality, MLPA has seldom been used for that purpose. Although MLPA offers great specificity for detecting CNVs, its capacity to detect single-nucleotide alterations is unclear.
According to its principle, MLPA uses right and left probes that hybridize to a denatured template (Fig. 1) . Overnight incubation allows both probes to hybridize to their targets. Subsequent ligation links both probes as the left and right probe are adjacent to each other and the 5′ end of the right probe is phosphorylated. Once ligation occurs, the ligation products can serve as templates for subsequent PCR. A polymerase synthesizes new strands complementary to the ligation products from the reverse primer because the 3′ end of the right probe is complementary to the reverse primer. The forward primer then anneals to the 3′ end of the newly synthesized strands because the sequence of the 5′ end of the left probe is identical to that of the forward primer. Thus, after the ligation of the right and left probes, PCR readily amplifies the ligation products. Ligation is therefore considered a critical step in determining the feasibility and specificity of MLPA, because in principle, no product is amplified without ligation in MLPA. For the same reason, MLPA is expected to be as specific as the process of ligation. However, the reaction mechanism underlying MLPA has not been analyzed in detail. In particular, the role of ligation in single-base change discrimination remains to be elucidated.
In the present study, we questioned the importance of ligation in MLPA and investigated a ligation-independent mechanism for MLPA.
Fragment analysis revealed that the ligation-independent pathway is functional and that ligation is insufficient for discriminating single-nucleotide changes in MLPA.
Experimental

Oligonucleotides
All oligonucleotide templates and left probes were synthesized and purified with polyacrylamide electrophoresis by Sigma Genosys (Hokkaido, Japan). For fragment analysis, the 5′ end of the left probe was labeled with FAM. Right probes were synthesized and purified with either polyacrylamide electrophoresis or a reverse-phase cartridge by Sigma-Genosys. For the ligation reaction, the 5′ end of the right probe was phosphorylated. Forward and reverse primers were synthesized and purified with a reverse-phase cartridge by Sigma Genosys and desalted by Applied Biosystems (Foster City, CA), respectively. For fragment analysis, the 5′ end of the reverse primer was labeled with PET by Applied Biosystems. Sequences of all oligonucleotides are shown in Table S1 (Supporting Information).
Pilot experiment testing the feasibility of ligation-independent probe amplification
Reaction mixtures containing 10 nM left probe, 10 nM right probe, 10 nM template, 10 nM reverse primer, 1× Annealing Buffer II (10 mM KCl, 20 mM Tris-HCl, pH 8.8) (BioHelix, Beverly, MA), 50 mM NaCl, 3 mM MgSO4, 3 mM dATP (Takara Bio, Shiga, Japan), 0.2 mM deoxyribonucleotide triphosphates (dNTPs), 12.5 ng/μL Thermostable Helicase (BioHelix), and 0.1 U/μL Bst Polymerase Large Fragment (New England Biolabs, Ipswich, MA) were incubated at 65 C for 15 min.
Fragment analysis
Aliquots (3 μL) were removed from the reaction mixtures and immediately mixed with 7.5 μL of stop solution containing 7 μL of Hi-Di Formamide (Applied Biosystems) and 0.5 μL of GeneScan 600 LIZ Size Standard v 2.0 (Applied Biosystems) at 65 C. Samples were then heated at 95 C for 3 min and chilled on ice until electrophoresis. Samples were separated with capillary electrophoresis through POP-7 polymer (Applied Biosystems) on a 3130 Genetic Analyzer (Applied Biosystems). Spectral calibration was performed using DS-33 Matrix Standards (Applied Biosystems). Data were analyzed using a Peak Scanner (Applied Biosystems).
Ligation-independent
probe amplification using helicase-dependent amplification (HDA) Reaction mixtures containing 4 nM left probe, 4 nM right probe, 4 nM template, 24 nM forward and reverse primer, 1× Annealing Buffer II (10 mM KCl, 20 mM Tris-HCl, pH 8.8) (BioHelix), 80 mM NaCl, 5 mM MgSO4, 3 mM dATP (Takara Bio), 0.2 mM dNTPs, 12.5 ng/μL Thermostable Helicase (BioHelix), and 0.1 U/μL Bst Polymerase Large Fragment (New England Biolabs) were incubated at 65 C for 15 min. Aliquots (3 μL) were removed at the indicated time, and the reactions were terminated as described for fragment analysis
Ligation-independent probe amplification using PCR
Reaction mixtures containing 4 nM left probe, 4 nM right probe, 4 nM template, 24 nM forward and reverse primer, 1× PCR Buffer (Takara Bio), 0.2 mM dNTPs, and 0.05 U/μL Taq polymerase (Takara Bio) were prepared on ice, and PCR was performed under the following conditions: 95 C for 30 s, 60 C for 30 s, and 72 C for 1 min. Aliquots (3 μL) were removed at the indicated cycle, and the reactions were terminated as described for fragment analysis.
MLPA reaction
Ligations were performed in reaction mixtures containing 10 nM left probe, 10 nM phosphorylated right probe, 10 nM template, 1× Taq DNA ligase reaction buffer (New England Biolabs), and 1 U/μL Taq DNA ligase (New England Biolabs). Reaction mixtures were incubated at 65 C for 15 min and immediately placed on ice or cooled to 4 C. PCR reaction mixtures containing 0.4 volume of the ligation mixtures, 24 nM forward and reverse primer, 0.2 mM dNTPs, 1× PCR buffer (Takara Bio), and 0.05 U/μL Taq polymerase (Takara Bio) were prepared on ice, and PCR was carried out under the conditions of 95 C for 30 s, 60 C for 30 s, and 72 C for 1 min. Aliquots (3 μL) were removed before the reaction and during the 72 C step of the indicated cycle. The reactions were terminated as described for fragment analysis.
Results
Ligation-independent pathway of MLPA
We designed a ligation-independent pathway for MLPA through which the same products could be amplified without the hybridization and ligation processes (Fig. 1) . Double-stranded DNA is denatured using this pathway, and subsequently, the reverse primer anneals to the 3′ end of the right probe, whereas the left probe anneals to the denatured template. DNA polymerase then synthesizes new strands from the reverse primer and the left probe. After a second denaturation, both newly synthesized strands anneal, and DNA polymerase further extends the reverse primer to the 5′ end of the left probe. In MLPA, DNA polymerase synthesizes the same strand from the reverse primer using the ligation product as the template and amplifies it using both the forward and the reverse primers. Therefore, MLPA is theoretically possible without the hybridization and ligation processes.
Ligation-independent probe amplification is feasible
We first conducted a pilot experiment to test the feasibility of the reaction we designed. To simplify the reaction, we used a single probe pair without a gap, an oligonucleotide template, and a reverse primer (Fig. 2a) . The probes and primer were designed according to the protocol used for designing synthetic MLPA probes (MRC-Holland, Amsterdam, The Netherlands). The 5′ end of the right probe was not phosphorylated because ligation was not performed. To monitor the reaction in detail, we performed fragment analysis by fluorescently labeling the left probe and the reverse primer with FAM and PET, respectively ( Fig. 2a) . We used DNA helicase rather than heat denaturation to unwind the double-stranded DNA to preserve isothermal DNA amplification. 11, 12 Two newly synthesized fragments were observed in the presence of the polymerase and absence of the helicase (Fig. 2b) : an 89-nt fragment labeled with FAM and a 60-nt fragment labeled with PET. Therefore, the 89-nt fragment was synthesized from the left probe annealing to the template, and the 60-nt fragment was synthesized from the reverse primer annealing to the right probe. When both the polymerase and the helicase were present, we detected 111-nt fragments labeled with either FAM or PET (Fig. 2b) . Therefore, the helicase separated the newly synthesized double-stranded DNA and allowed the 89-nt and 60-nt fragments to anneal, which in turn allowed the polymerase to extend both strands. The 111-nt PET-labeled fragment serves as templates for subsequent amplification (Fig. 1) . Of note, this fragment is complementary to the ligation product in MLPA, because the ligation product serves as the template for the reverse primer in MLPA (Fig. 1) . Therefore, the generation of the 111-nt PET-labeled fragment strongly indicates that MLPA can occur without ligation.
We also assessed the fidelity of the reaction by substituting a single nucleotide in the template. The 3′ end of the left probe must match the template perfectly to be extended by the polymerase. We therefore generated a point mutation that mismatched the 3′ end of the left probe (Fig. 3) . As expected, the left probe was barely extended in the mutant templates; however, small amounts of the 89-and 111-nt fragments were still detected (Fig. 3) . Therefore, the mismatch between the 3′ end of the left probe and the template remarkably reduced but did not always prevent the extension of the left probe. Even slight extension of the left probe generates the 111-nt fragment, because the 60-nt PET-labeled fragment is generated irrespective of the template. The resulting 111-nt fragment is an ideal target for subsequent amplification; therefore, the high fidelity of the procedure could be lost after amplification.
Ligation-independent probe amplification is functional
To amplify the 111-nt PET-labeled fragment we used helicase-dependent amplification (HDA) rather than PCR because it has several advantages over PCR. 11, 12 HDA is similar to PCR except in the manner of denaturation. In HDA, a helicase separates double-stranded DNA at the temperature used for extension by the polymerase. Therefore, HDA essentially allows PCR to be accomplished isothermally without a thermocycler. Although HDA is difficult to optimize, it is a highly sensitive and rapid technique. 13 For efficient amplification, we used a concentration of primers that was higher than that of the probes. The reactions were conducted at 65 C in the presence of both a thermostable helicase and a polymerase. Every product was analyzed chronologically with fragment analysis. The 111-nt fragment labeled with PET was amplified even without the forward primer (Fig. S1a, Supporting Information) , and it was amplified efficiently when the forward primer was included (Fig. S1b,  Supporting Information) . The results demonstrate that the 111-nt PET-labeled fragment was successfully amplified by HDA in a ligation-independent manner.
However, this fragment was also amplified from mutant templates ( Fig. 4a and Supporting Information Fig. S2 ), which indicates that the left probe had extended slightly. Once the 111-nt PET-labeled fragment was generated in even small amounts, it was efficiently amplified by both primers. Therefore, efficiency is not always compatible with fidelity.
To confirm that MLPA occurs without ligation, we conducted the same reaction using PCR instead of HDA. The 111-nt PET-labeled fragment was clearly amplified (Fig. 4b) , which provides direct evidence that MLPA is not dependent on ligation.
Ligation is insufficient to discriminate single-base changes in MLPA
We next carried out MLPA using the same oligonucleotides, but the 5′ end of the right probe was phosphorylated for ligation (Fig. 5a ). We performed ligation using Taq ligase for 15 min followed by PCR using Taq polymerase in the same program described in the general MLPA protocol (MRC-Holland). Ligation was assessed by the presence of a 111-nt fragment labeled with FAM. Consistent with previous reports, 14 the fidelity of thermostable ligase was considerably high (Fig. 5b) . However, this fidelity was lost during PCR. Although mismatch ligation causes loss of fidelity in MLPA, the 111-nt fragment labeled with PET was amplified well, even when the ligation product was undetectable at the end of the ligation reaction ( Fig. 5c and Supporting Information Fig. S3 ). The ligation reaction was almost completed at the beginning of PCR (data not shown). In addition, the amplification curves of the 111-nt PET-labeled fragment were similar to those obtained using ligation-independent probe amplification (Fig. 4) . These results indicate that PCR amplified the 111-nt fragment labeled with PET in a ligation-independent manner. MLPA is reportedly accurate enough to distinguish single-base changes owing to ligation. However, our results show that high fidelity due to ligation can be lost during MLPA unless the PCR condition is optimized, and therefore MLPA is not always suitable for the analysis of single-nucleotide alterations. In fact, MLPA is mainly used for the detection of CNVs, not single-nucleotide changes.
Discussion
The present study draws attention to a basic understanding of MLPA, a process in which ligation is considered indispensable. The products of MLPA may be derived from a ligation-independent pathway, which should always be considered in the interpretation of MLPA results. We show that ligation does not always account for the fidelity of MLPA. However, MLPA works with great specificity for copy number analysis, perhaps because copy number analysis does not require accurate discrimination of single-base changes. MLPA is sufficiently specific as long as it is used for copy number analysis but not for single-nucleotide analysis because of the loss of the high fidelity of ligation. Our study suggests that the fidelity of MLPA depends on PCR conditions rather than ligation, because ligation-independent probe amplification using PCR was not specific enough to distinguish a single nucleotide in the template (Fig. 4b) , but the optimization of PCR conditions such as annealing temperature or primer concentration ratio enabled us to discriminate a point mutation (data not shown). 
